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Genomic imprinting is a normal
form of gene regulation that
causes a subset of mammalian
genes to be expressed from one
of the two parental
chromosomes. Some imprinted
genes are expressed from the
maternally inherited
chromosomes and others from
the paternally inherited
chromosomes. This means that
the maternal and paternal
genomes are not functionally
equivalent and is the reason why
both a maternal and a paternal
genome are required for normal
mammalian development.
Genomic imprinting has also
been described in plants where
the process is believed to have
evolved independently from that
in mammals, although aspects of
the mechanism of imprinting may
be the same in both organisms. 
The existence of imprinted
genes adds another dimension to
the patterns of inheritance
predicted by Mendelian genetics.
For example, imprinting disorders
have been described. These
exhibit parental origin effects in
their patterns of inheritance. In
these disorders, males and
females are usually equally
affected, however the defect is
manifest only upon inheritance
from a parent of one sex.
Inheritance from the parent of the
opposite sex does not result in an
abnormality because the
defective gene may be repressed
on the chromosome derived from
that parent (Figure 1).
Embryological evidence for
imprinting in mouse
Genomic imprinting was
identified for the first time in the
early 1980s through classic
manipulation experiments on
mouse embryos. Pronuclear
transplantation was used to
generate ‘gynogenetic’ or
‘androgenetic’ conceptuses,
which, respectively, have two
sets of maternal chromosomes
and no paternal contribution or
vice versa. These embryos fail to
develop properly and die before
term despite being diploid.
Furthermore, the defects
presented in androgenones and
gynogenones are strikingly
different. Gynogenetic embryos
die before or at mid-gestation
and are growth retarded with
poor development of the extra-
embryonic tissues. In contrast,
androgenetic conceptuses have a
more restricted developmental
potential. Their embryonic
components develop poorly while
extra-embryonic tissues are
better formed.
These embryo reconstitution
experiments suggested that
maternal and paternal
contributions to the developing
mammalian embryo are different.
It was proposed that a specific
‘imprinting’ of the paternal and
maternal genomes occurs during
the development of the egg and
the sperm, resulting in the
requirement of both genomes
after fertilisation for normal full-
term development.
Genetic evidence for imprinting
in mouse
During this time, genetic studies
were in progress that proved this
bi-parental requirement for
particular chromosomes and
chromosomal regions for normal
development. Using
chromosomal rearrangements
that resulted in ova and sperm
containing an imbalance of
parental chromosomes, mice with
maternal chromosomal
duplications and corresponding
paternal deficiencies were
generated, and vice versa (Figure
1B). Imprinting was detected by
noting developmental
abnormalities in these uniparental
disomy/uniparental duplication
conceptuses. 
Using this approach, eleven
chromosomal regions have been
identified in mice that affect
growth, behaviour or viability
when their parental origin is
perturbed. Over 85% of imprinted
genes identified to date map to
these regions.
Imprinting disorders in humans
In humans, androgenetic
conceptuses known as complete
hydatidiform moles are a rare but
well-documented product of
conception in which there is no
maternal chromosome
constitution but two paternal sets
of chromosomes. These
conceptuses resemble a mass of
trophoblastic tissue and the
condition is associated with an
increased risk of gestational
trophoblast disease and
choriocarcinoma. Spontaneous
activation of ova results in a
benign ovarian teratoma. Tissues
of ectodermal, endodermal and
mesodermal origin are typically
found within an ovarian teratoma.
Several genetic conditions
have been described that exhibit
parental origin effects in their
patterns of inheritance. These
disorders fall into two main
categories: neurological
disorders and disorders of
growth and development. Of
these, the best characterized are
the Prader-Willi (PWS) and
Angelman Syndromes (AS) and
Beckwith-Wiedemann Syndrome
(BWS). 
PWS and AS are distinct
neurological disorders that map
to the same imprinted domain on
human chromosome 15. PWS
patients display short stature
with small hands and feet and
hypotonia at birth; postnatally,
they develop obesity due to
hyperphagia and are mentally
retarded. AS patients show
severe mental retardation, and
are hyperactive and ataxic. AS is
associated with loss of
expression of an imprinted gene
from the maternally inherited
chromosome, while loss of
expression of transcripts from
the paternally inherited
chromosome is associated with
PWS. BWS is a somatic
overgrowth disorder associated
with an increased incidence of
embryonal tumours mapping to
growth-related imprinted genes
on chromosome 11.
These syndromes can occur by
the three different mechanisms
outlined in Figure 1B: uniparental
disomy; mutation within the
active allele of an imprinted gene;
or defects in a local control
element that regulates
appropriate imprinting of multiple
genes.
Imprinted genes
As suggested by the imprinted
disorders described in mouse
and man, the imprinted genes
identified to date are expressed
in the developing embryo and
placenta and in the prenatal and
postnatal brain. Of the imprinted
genes involved in growth control,
those associated with growth
promotion are expressed from
the paternally inherited
chromosome, while those
expressed from the maternally
inherited homologue are growth
suppressing. 
A vast majority of these genes
are expressed and imprinted in
the placenta, an organ that acts
at the interface between mother
and fetus to control a number of
key physiological processes in
pregnancy, most notably the
nutritional supply and demand of
the growing fetus. In the fetus,
imprinted genes also contribute
to important metabolic processes
associated with fetal well-being.
Some imprinted genes are
implicated in normal behaviour
and brain function which, in
addition to the processes
disrupted in PWS and AS, include
maternal care of offspring. Most
of the imprinted genes involved
in post-natal behaviour are also
expressed during development,
perhaps suggesting that
developmental abnormalities
manifest during gestation can
have longer-term effects on
neurological functions after birth.
The study of imprinted genes
and the apparent functional
opposition between paternally
expressed growth promoting
genes and maternally expressed
growth suppressing genes
provided evidence for the
hypothesis that imprinting
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Figure 1. Genomic imprinting defects caused by different mechanisms.
(A) Imprinted genes are often located in clusters. Diploid somatic cells contain maternally inherited chromosomes (pink) and
paternally inherited chromosomes (blue). Some of these chromosomes have imprinted genes expressed from the maternally inher-
ited allele (block A) and repressed on the other homologue, and imprinted genes expressed from the paternally inherited allele
(block B) and repressed on the maternally inherited homologue. Expressed alleles are shown in green and repressed alleles in red.
Imprinted gene clusters are regulated by cis-acting sequences that function over a long-range depicted here as imprinting control
regions (ICR, white and black boxes) which carry methylation imprints differentially acquired in the male and female germ-lines
(white lollipops, unmethylated; black lollipops, methylated). (B) Defects in genomic imprinting alter the dosage of imprinting genes.
Uniparental disomy (left): in an individual with uniparental disomy, the two homologous chromosomes are inherited from the same
parent. For example, in paternal disomy, maternally expressed genes are absent, and paternally expressed genes are over-
expressed. In maternal disomy, the reverse occurs. Imprinted gene mutation (middle): a mutation (yellow star) in an imprinted gene
will only result in phenotypic consequences if the mutation is transmitted on the active allele. ICR mutation (right): mutations in
ICRs (yellow star) can affect the imprinting of several imprinted genes in a cluster, resulting in a switch in the epigenotype, with
the maternally inherited chromosome acquiring epigenetic characteristics and expression patterns typical of the paternal one (or
vice versa).
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evolved from a conflict for
resources between the maternal
and paternally inherited genomes
in the conceptus. This theory
suggests that fathers are driven
to extract maximal resources for
their offspring from the mother,
while the maternal resources are
best protected for future
pregnancies if she is able to limit
this demand to some extent. The
conflict hypothesis fits for most,
though not all, imprinted genes.
Mechanisms of imprinting
To date about 70 imprinted genes
have been identified, and many
are physically linked in clusters
within the genome which can be
as large as 4 Mb in the case of
the PWS/AS domain. This
suggests the presence of shared
regulatory elements acting to
control the imprinting of multiple
genes. Interestingly, imprinted
domains contain reciprocally
imprinted genes — for example,
blocks A and B in Figure 1 — and
sometimes genes that escape
imprinting. 
So, how are the imprinted
genes on two parental
chromosomes distinguished by
the transcriptional machinery?
Imprinted domains on the two
parental chromosomes carry
different ‘marks’ known as
epigenetic modifications. These
epigenetic modification include
DNA methylation at CpG di-
nucleotides and post-
translational modifications of
core histones, such as
methylation and acetylation.
These are associated with
differences in chromatin
conformation on the two parental
chromosomes and influence
transcriptional outcome.
Imprinting and reprogramming
There is increasing evidence that
the initial establishment of
epigenetic differences on the two
parental chromosomes occurs
during male and female
gametogenesis. Before this can
happen in the germ-lines, the
previous imprints are erased and
then new imprints established
according to the sex of the germ-
line. The process of erasure
occurs early in the developing
germ cells and, for loss of DNA
methylation imprints, is thought
to be complete by around
embryonic day 13. A genome-
wide demethylation event also
happens around this time in the
germ cells. To re-establish
methylation imprints, de novo
methylation takes place in a
germ-line specific manner, at
least with respect to the regions
that become marked. The
mechanisms by which the
gametic marks are placed
differently in males and females
are not fully understood.
After fertilisation, during early
preimplantation development,
there is a further genome-wide
reprogramming event, but the
primary germ-line imprints that
are established appear to be
resistant to this, or at least are
‘remembered’ in some way and
subsequently acted upon to
influence mono-allelic gene
transcription in the developing
conceptus. After fertilisation,
additional differential marks
accumulate at other regulatory
regions, including some
promoters and silencer elements.
These further stabilize the
transcriptional imprint and can be
useful as diagnostic markers of
mono-allelic expression.
Distinct enzymes involved in de
novo and maintenance DNA
methylation have been identified
and shown to play important
roles in the establishment and
heritable maintenance of
methylation imprints. Similarly,
most of these enzymes are
involved in the epigenetic control
of other important genome
functions involving DNA
methylation. Less is known about
the establishment and
maintenance of histone
modifications, and currently this
is the subject of intense research
interest.
Regulation of imprinted gene
activity and repression
The tendency of imprinted genes
to be organised in clusters
suggests that there are shared
regulatory elements involved in
imprinting control. This has been
shown to be the case, and for at
least five imprinted domains
studied to date an imprinting
control region (ICR) has been
identified that regulates the
allele-specific activity of multiple
imprinted genes in the cluster.
ICRs usually carry a germ-line-
derived methylation imprint. For
two of these five regions, the ICR
is methylated on the paternal
chromosome and unmethylated
on the maternal chromosome; the
other three carry maternally
inherited methylation marks.
At the sequence level, different
ICRs do not resemble each other
except that they have a relatively
high level of CpG dinucleotides
and have simple sequence
repeats in the vicinity. The
mechanisms of domain-wide
imprinting control are not fully
understood and may be different
for different domains. For
example, an insulator model has
been proposed for the regulation
of the Igf2–H19 domain. Here the
ICR functions as a methylation-
sensitive binding domain for the
zinc-finger DNA binding protein
CTCF. The ICR is located
between the Igf2 and H19 loci,
and when unmethylated on the
maternal chromosome it binds
CTCF and insulates Igf2 from
downstream shared enhancers,
allowing expression from H19.
H19 transcription produces a
non-coding RNA of unknown
function. On the methylated
paternally inherited ICR, CTCF
cannot bind and hence
enhancers are able to drive
expression from the paternally
inherited Igf2 allele. 
Another model, the non-coding
RNA model for imprinting control,
has been proposed to explain
imprinting at the Igf2r locus. A
germ-line-derived ICR has been
identified within an intron of the
Igf2r gene. When unmethylated
on the paternally derived
chromosome, the ICR drives
expression of a transcript
synthesised antisense to the Igf2r
coding sequence. This transcript
appears to be required for the
repression in cis of Igf2r and two
other imprinted genes in the
cluster. On the methylated
maternal chromosome, the
antisense transcript is not
expressed and the three protein-
coding genes are expressed.
Non-coding RNAs have been
identified within all imprinted
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domains studied to date, but
their precise role, if any, remains
to be elucidated. Insulator and
antisense models of imprinting
control have been postulated,
though  not proven, for other
imprinted domains.
Imprinting and the past
The conflict hypothesis may be
the most widely accepted of the
current models that consider the
selective pressures leading to the
evolution of genomic imprinting.
But parental origin-dependent
epigenetic effects are ancient
phenomena that have been
observed in a wide-variety of
organisms, such as arthropods,
plants and mammals. These
parental origin effects can be
classified into three types: those
resulting in the transcriptional
repression of one allele (such as
genomic imprinting); those
resulting in non-random
chromosome segregation,
heterochromatinization or
destruction of chromosomes
from one parent (such as the
heterochromatinisation of male
chromosomes in Homoptera
coccoidea); and those in which
the two parental alleles are
distinguished on the basis of
DNA methylation and/or
chromatin structure with no
apparent transcriptional effects.
There is some debate as to
whether these processes are
evolutionarily related, or whether
multiple forces resulted in
independent acquisition of these
epigenetic mechanisms. While it
is difficult to understand the
advantages of functional
haploidy, one common feature is
the parental germ-line-specific
origin of these processes. It is
therefore plausible that
epigenetic events may be
required for normal germ line
events such as meiosis,
providing a selective advantage
to sexually reproducing
organisms. The post-zygotic
parental-origin- specific
transcription that is genomic
imprinting may be just one
manifestation of this. 
Imprinting and the future
Over the past decade, genomic
imprinting has emerged as a
significant area of biomedical
and molecular genetic research.
Furthermore, it is a useful model
system for the study of the
epigenetic control of genome
function. Epigenetic instability is
an important contributing factor
in human cancer. Most recently,
an increased incidence of
imprinted disorders has been
associated with individuals born
from assisted reproductive
technologies. These procedures
involve the manipulation of germ
cells and the in vitro culture of
pre-implantation embryos,
reinforcing the idea that imprints
may be immature or may be
particularly vulnerable to
environmental influences during
these stages. 
Abnormalities in epigenetic
programming at pre-implantation
stages are also likely to
contribute to the low frequency
of success in the somatic cell
nuclear transfer experiments
commonly known as mammalian
cloning. Several studies have
shown faulty genomic
reprogramming and perturbations
in imprinted gene expression in
cloned conceptuses. 
It is twenty years since
genomic imprinting was
discovered. Since then, the study
of its function in mammalian
development and disease, the
uncovering of mechanisms
regulating the epigenetic control
of imprinted gene activity and
repression, and the stimulating
considerations of how and why
the process evolved, have placed
imprinting in a prominent place
within several biomedical
disciplines. Nonetheless, many
questions remain unanswered,
therefore it is likely that the
remarkable phenomenon that is
genomic imprinting will continue
to be one of the most exciting
research areas of functional
genomics.
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